Background: The aim of this study was to provide an integrated analysis of safety and efficacy data for brimonidine tartrate ophthalmic solution 0.025 per cent (low-dose; Bausch & Lomb Incorporated), a topical vasoconstrictor for relief of ocular redness. Methods: Integrated efficacy data from two randomised, double-masked, vehicle-controlled studies in subjects with ocular redness as well as safety data from the two efficacy studies, a vehicle-controlled safety study, and a pharmacokinetic study were analysed. Efficacy outcomes analysed included investigator-assessed ocular redness (scale, 0-4) before treatment instillation and at five to 240 minutes post-instillation on Day 1, at five minutes postinstillation on Days 15 and 29, and one week after treatment discontinuation (Day 36), and redness self-assessed by subjects recorded daily in diaries. Safety assessments included adverse events, ophthalmic examinations, and rebound redness upon treatment discontinuation. Drop comfort (scale, 0-10) was a tolerability measure. Results: The efficacy population included 117 subjects (brimonidine, n = 78; vehicle, n = 39). The safety population included 635 subjects (brimonidine, n = 426; vehicle, n = 209). Investigator-assessed ocular redness was significantly lower with brimonidine versus vehicle at all post-instillation time points on Day 1 (mean change from pre-instillation of −1.4 units for brimonidine and −0.2 units for vehicle; p < 0.0001). Subject-assessed ocular redness was also significantly lower with brimonidine versus vehicle (mean treatment difference in average daily ratings of −0.9; p < 0.0001). There was no evidence of tachyphylaxis through Day 29 and rebound redness was rare. Incidence of ocular adverse events was low, the most common being reduced visual acuity (brimonidine, 4.0 per cent; vehicle, 4.3 per cent) and conjunctival hyperaemia (2.6 and 2.9 per cent, respectively). Both brimonidine and vehicle were rated as very comfortable (mean post-instillation scores, 0.4-0.5). Conclusion: In this integrated analysis, low-dose brimonidine significantly reduced ocular redness with no tachyphylaxis, and minimal rebound redness, and was generally safe and well tolerated.
Ocular redness, which commonly results from inflammation of the conjunctiva and associated dilation of the conjunctival vessels, has a number of potential aetiologic factors including allergy, infection, dry eye, exposure to environmental irritants, and contact lens wear. [1] [2] [3] Treatment should, whenever possible, be specific to the underlying cause (for example, antihistamines and mast cell stabilisers for allergic conjunctivitis and topical antibiotics for bacterial conjunctivitis). 1, 2 For ocular redness with no apparent underlying pathology, over-the-counter ocular vasoconstrictors (decongestants) may provide relief. 1, 4 These agents produce vasoconstriction via agonist activity at α-adrenergic receptors, but vary in their receptor binding profiles. 5, 6 Phenylephrine and tetrahydrozoline exhibit relatively selective affinity for α 1 -adrenergic receptors (selective α 1 -receptor agonists) whereas naphazoline and oxymetazoline bind to both α 1 -and α 2 -adrenergic receptors (mixed α 1 /α 2 -receptor agonists). Although ocular decongestants are effective for reducing ocular redness, continued use has been associated with tolerance or loss of effectiveness (that is, tachyphylaxis) and rebound redness upon treatment discontinuation. [7] [8] [9] [10] Tachyphylaxis appears related to a reduction of the α 1 -receptor response, perhaps due to the sequestration of α 1 receptors (an acute desensitisation mechanism) and subsequent downregulation of surface α 1 receptors with chronic exposure to agonists. 11 Due to the preferential expression of α 1 receptors in arterial vessels, rebound redness after chronic use is thought to result from tissue ischaemia and the subsequent release of vasodilators, as well as loss of vascular tone due to α 1 -receptor downregulation. 8, 9, 12 Brimonidine is a highly selective α 2 -receptor agonist with relatively low binding affinity for α 1 receptors (ratio of α 2 : α 1 binding affinity of~1,000:1). [13] [14] [15] Because α 2 receptors are expressed predominantly in veins, it is possible that α 2 -receptor agonists for ocular use may have a lower potential for tachyphylaxis and rebound redness. 16, 17 Brimonidine is approved by the US Food and Drug Administration in an ophthalmic solution (0.15 and 0.2 per cent) for lowering intraocular pressure in patients with openangle glaucoma or ocular hypertension, 13, 14 and in a topical gel (0.33 per cent) for the treatment of non-transient facial erythema of rosacea in adults. 18, 19 Additionally, brimonidine instilled in the eyes at low doses (0.025-0.2 per cent) has been shown to control bleeding during ocular surgery, [20] [21] [22] [23] [24] prevent bleeding from intravitreal injections, 25 and induce conjunctival blanching before surgery, 26, 27 demonstrating the ocular vasoconstrictive effects of brimonidine. In December 2017, low-dose brimonidine tartrate (0.025 per cent; Lumify eye drops, Bausch & Lomb Incorporated, Rochester, New York, USA) received approval in the USA to relieve redness of the eye due to minor irritations. 28 The purpose of the analysis reported here is to provide a comprehensive summary of the available data on the efficacy and safety/ tolerability profile of low-dose brimonidine tartrate ophthalmic solution for the reduction of ocular redness. Efficacy studies of this lowdose brimonidine formulation included adults with ocular redness of an undetermined nature, to represent the real-world population of ocular decongestant users.
Healthy paediatric subjects were included in a large safety study.
Methods

Study design
This is an integrated analysis of data from four clinical studies on the efficacy and/or safety of brimonidine tartrate ophthalmic solution 0.025 per cent (Table 1) . Both the efficacy and safety analyses included two single-centre randomised, double-masked, vehicle-controlled safety and efficacy studies of brimonidine tartrate ophthalmic solution (0.025 per cent) in subjects with ocular redness (Studies 1 and 2). 5, 29 Details of the study methods have been previously reported. 5, 29 In addition to these two studies, the safety analysis included a multi-centre, double-masked, randomised, vehiclecontrolled safety study (Study 3) and a singlecentre, open-label, pharmacokinetic study (Study 4). Where used, the vehicle formulation was identical to the brimonidine formulation but without brimonidine tartrate.
All studies were approved by an institutional review board (Alpha IRB, San Clemente, California, USA) and conducted in compliance with the ethics principles of the Declaration of Helsinki and the International Conference on Harmonisation Good Clinical Practice guidelines. All subjects (or a parent/guardian for subjects under the age of 18) provided written informed consent before study procedures were initiated.
Subjects
Both efficacy studies enrolled subjects (aged ≥ 40 years in Study 1; aged ≥ 18 years in Study 2) with ocular redness but otherwise stable ocular health. 5, 29 Eligible subjects in these two efficacy studies had a baseline redness score of > 1 in both eyes as assessed by investigators using the Ora Calibra Ocular Hyperemia Scale (Ora, Inc., Andover, Massachusetts, USA), which utilises a five-point scale (0 = none, 1 = mild, 2 = moderate, 3 = severe, 4 = extremely severe); this scale is based on photographic standards and has been used in previous studies. 30, 31 Additional inclusion/exclusion details were previously described. 
Treatments and assessments
In the efficacy studies (Studies 1 and 2), treatment was instilled bilaterally four times daily for four weeks (Days 1 to 29), with assessments of ocular redness (using the Ora Calibra Ocular Hyperemia Scale) beginning on Day 1 and concluding one week after treatment discontinuation. Investigator assessments (allowing half-unit increments) were conducted during treatment visits on Day 1, Day 15 AE 2, Day 29 AE 2, and one week after treatment discontinuation on Day 36 AE 1, while subject redness assessments (whole-unit increments) were completed during treatment (Days 1 to 29 AE 2) and for one week after treatment discontinuation.
The primary efficacy outcome in this integrated analysis was ocular redness evaluated by the investigator before medication instillation and at five, 15, 30, 60, 90, 120, 180, and 240 minutes post-instillation on Day 1. Secondary efficacy outcomes included investigator assessment of ocular redness at five minutes post-instillation at Day 15 and Day 29, investigator assessment of total clearance of ocular redness at each post-instillation time point at each visit, and ocular redness as evaluated by the subject (captured in subject diaries) throughout the treatment period (Days 1 to 29). The potential for tachyphylaxis was evaluated using the change from pre-instillation to five minutes post-instillation in investigatorassessed ocular redness score on Day 15 and Day 29.
In the safety study (Study 3), treatment was instilled bilaterally four times daily for four weeks. In the pharmacokinetic study (Study 4), treatment was instilled bilaterally once on the first day and then four times daily for the subsequent five days, with plasma collections post-instillation at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 18, and 24 hours; brimonidine plasma concentrations were determined by liquid chromatography-tandem mass spectrometry. Safety assessments (Studies 1 through 4) included treatment-emergent adverse events, BCVA, slitlamp biomicroscopy, dilated fundoscopy, intraocular pressure, physical examinations, and vital signs.
Rebound redness upon treatment discontinuation was assessed as a safety parameter in Studies 1 and 2 only, and was defined as any increase (Study 1) or an increase of ≥ 1 unit (Study 2) from the baseline redness score (Day 1 pre-instillation), as evaluated by the investigator (Day 36) or as reported by the subject (overall daily average for Days 30 to 36). In Studies 1, 2, and 3, drop comfort was assessed using a 0-10 unit scale (0 = very comfortable; 10 = very uncomfortable) upon instillation and at 30 seconds and one minute post-instillation, and alertness (six-point scale; 0 = fully alert, 5 = coma) was evaluated by investigators at on-treatment visits; alertness was also assessed daily by subjects in diaries (Study 3 only).
Statistical analysis
The efficacy population (Studies 1 and 2) included all randomised subjects who received at least one dose of study medication and completed one post-instillation ocular redness evaluation on Day 1. The safety population (Studies 1 through 4) included all subjects who received at least one dose of study medication. For the primary efficacy assessment (investigatorassessed ocular redness on Day 1), brimonidine was compared with vehicle using a mixed-effect repeated measure model that contained treatment, time point, treatment by time point interaction, and baseline (Day 1 pre-instillation) score. Least-squares means, standard errors, mean differences with 95 per cent confidence intervals, and pvalues were calculated. Investigator assessments on Day 15 and Day 29 were analysed using similar mixed-effect repeated measure modelling. In addition, change in investigator-assessed ocular redness (from pre-to post-instillation time points) at each visit was analysed using two-sample t-tests. A responder analysis compared the percentage of subjects with total clearing (redness scores of 0 based on investigator assessment) in the two treatment groups using Fisher's exact test. For subject ratings of ocular redness (as recorded in diaries), mean scores from both eyes at each time point were used to calculate daily averages for each subject. The last observation carried forward method was used to impute missing data if no score was provided for an entire day. Diary data for post-instillation time points were analysed using a mixed-effect repeated measure model that contained treatment, time point, and the treatment by time point interaction.
Safety data were pooled across the four studies (Table 1 ) and summarised using descriptive statistics. The Medical Dictionary for Regulatory Activities (version 16.1) was used to classify adverse events. Drop comfort was compared for low-dose brimonidine versus vehicle using a two-sample ttest. Efficacy data were pooled across the two efficacy studies, with the exception of rebound redness, for which the definition varied between studies. Pooling is an appropriate analytic approach when access to patient-level data is available and sources of potential heterogeneity are controlled. As the two efficacy studies included in this analysis were of similar design (randomised, double-masked, vehicle-controlled), with a similar subject population (adults with ocular redness of > 1 on a 0-to 4-point scale) treated with the same product (brimonidine tartrate ophthalmic solution 0.025 per cent) for a similar length of time (four weeks) and assessed using the same outcome measure (the Ora Calibra Ocular Hyperemia Scale), the potential for heterogeneity was limited, and pooling was selected as the preferred approach.
Results
Subject demographics and disposition
The efficacy population included 117 subjects (brimonidine, n = 78; vehicle, n = 39). The safety population included 635 subjects (brimonidine, n = 426; vehicle, n = 209). Baseline demographic characteristics were similar between treatment groups (Table 2) . Average age was 51.6 years in the efficacy population and 42.4 years in the safety population. Geriatric subjects (≥ 65 years) comprised 18.8 per cent of the efficacy population and 10.9 per cent of the safety population; the safety population also included paediatric subjects (7.9 per cent) aged ≥ 5 to 17 years.
The study completion rate was > 80 per cent in the efficacy analysis and > 90 per cent in the safety analysis (Figure 1) . The most common reason for discontinuation was loss to follow-up or administrative reasons.
Efficacy outcomes
On Day 1, mean investigator-assessed ocular redness scores were comparable between the treatment groups at baseline (1.8 in both groups) and significantly lower for low-dose brimonidine compared with vehicle at all post-instillation time points (all p < 0.0001) through four hours (Figure 2) . Similarly, the mean change in redness score from pre-instillation to each post-instillation time point was significantly greater for brimonidine relative to vehicle (p < 0.0001 for all). For the entire post-instillation time period (five to 240 minutes), mean (standard error) redness score was 0.5 (0.05) in the low-dose brimonidine group and 1.6 (0.07) in the vehicle group (p < 0.0001); mean change (standard error) from preinstillation redness score was −1.4 (0.05) for low-dose brimonidine and −0.2 (0.07) for vehicle (p < 0.0001). Based on investigator evaluation (observed data only), total clearance of redness on Day 1 (Figure 3 ) was observed in a significantly greater number of subjects in the low-dose brimonidine group as compared to the vehicle group at all time points post-instillation (p ≤ 0.0077).
At-home assessment of ocular redness, as recorded in subject diaries, showed significantly lower post-instillation redness scores for subjects treated with low-dose brimonidine compared with subjects in the vehicle group (Table 3) . Least-squares mean post-instillation redness scores were significantly lower for low-dose brimonidine compared with vehicle between Days 1 and 15 and between Days 15 and 29 (both time points mean treatment difference of −0.9; p < 0.0001).
For both investigator and at-home ocular redness scores, subgroup analyses by age (adult, 18-64 years; geriatric ≥ 65 years), sex (male, female), race (White, Black), and iris colour (blue, brown, other) were generally consistent with results for the overall efficacy population.
Evaluation of tachyphylaxis was based on investigator ratings of ocular redness after 15 and 29 days of treatment. In both treatment groups, mean pre-dose redness scores appeared lower on Day 15 (brimonidine, 1.5; vehicle, 1.4) and Day 29 (1.5 in both groups) relative to Day 1 (1.8 in both groups). The mean decrease in redness scores from pre-dose to five minutes post-dose was significantly greater for subjects treated with low-dose brimonidine compared with vehicle on Day 15 and Day 29, as it was on Day 1 (all p < 0.0001), with ocular redness scores post-instillation remaining consistent at all visits (Figure 4 ).
Safety outcomes
In the safety population, the mean duration of exposure to the study medication was similar for low-dose brimonidine (27.2 subject-days) and vehicle (28.6 subject-days). Total low-dose brimonidine exposure equalled 11,597 subject-days.
The incidence of ocular adverse events was similar in low-dose brimonidine-treated and vehicle-treated subjects ( Table 4 ). The most common ocular adverse events were reduced visual acuity and conjunctival hyperaemia, all mild and deemed unrelated to treatment. Non-ocular adverse events occurred in a similar percentage of subjects receiving low-dose brimonidine (9.9 per cent) and vehicle (10.0 per cent). Non-ocular adverse events occurring in ≥ 1 per cent of brimonidine-or vehicle-treated subjects included headache (1.2 and 1.9 per cent, respectively), nasopharyngitis (0.7 and 1.9 per cent, respectively), and sinusitis (0.5 and 1.0 per cent, respectively); of these, only headache was considered to be treatment- related by the investigator (0.7 and 0.5 per cent, respectively). There were no ocular adverse events and only one non-ocular adverse event in the paediatric population (sinusitis in a vehicle-treated subject).
Most adverse events (ocular and non-ocular) were mild or moderate, and the majority were deemed not related to study treatment. Severe ocular adverse events were experienced by one vehicle-treated subject (corneal abrasion and reduced visual acuity), and severe non-ocular adverse events by two brimonidine-treated subjects (one had gastroenteritis; one had sinusitis and methicillinresistant Staphylococcus aureus) and one vehicle-treated subject (arrhythmia); the three severe/serious adverse events with brimonidine were not considered treatment-related. The incidence of treatment-related ocular adverse events was 5.2 per cent of subjects in the low-dose brimonidine group and 4.8 per cent of subjects in the vehicle group, while the incidence of treatment-related non-ocular events was 2.1 and 1.4 per cent, respectively.
Study discontinuation due to adverse events occurred in 2.1 per cent of low-dose brimonidine-treated subjects (for contusion, corneal erosion, eye irritation, gastroenteritis, hypotension, instillation site burn, instillation site pain, nasal discomfort, sinusitis, and staphylococcal infection) and in 1.4 per cent of vehicle-treated subjects (for bacterial pneumonia, headache, pyrexia, seasonal allergy, and sinusitis). Of the adverse events leading to study discontinuation, only hypotension and instillation site burn were considered to be treatment-related. Rebound redness after treatment discontinuation was minimal. for . In Study 1, no rebound redness was identified based on either investigator assessment or subject diaries. 5 In Study 2, rebound redness was identified in one subject (brimonidine) by investigator assessment and in seven subjects (four brimonidinetreated and three vehicle-treated) based on subject evaluation. 29 Throughout the study, BCVA was generally similar among treatment groups, with mean changes (logarithm of the minimum angle of resolution) from baseline varying by less than AE0.04 at all visits. There were no meaningful changes from baseline based on slitlamp biomicroscopy or dilated fundoscopy results for either treatment group.
Mean intraocular pressure was 15 mmHg for each treatment group at baseline and remained similar (within 1 mmHg) across treatment groups through Day 29. Vital signs (heart rate, blood pressure, body weight) were similar among treatment groups, with no meaningful changes noted from baseline through Day 29. Physical examinations were considered normal at all visits, excepting a few subjects (five brimonidine, two vehicle) with non-ocular findings deemed unrelated to treatment at Day 29. No safety concerns were noted in either the paediatric or geriatric populations.
Analysis of plasma samples in the pharmacokinetic study showed concentrations of brimonidine were below the lower limit of quantitation (0.025 ng/ml) at all time points with one exception; one subject had a detectable level (0.0253 ng/ml) at a single time point (one hour following instillation of a single dose). No significant differences were observed between treatment groups for drop comfort. Mean (standard deviation) ratings of drop comfort in the low-dose brimonidine and vehicle groups, respectively, were 0.5 (1. 
Discussion
The results of this integrated analysis demonstrate the efficacy and safety of low-dose brimonidine tartrate ophthalmic solution (0.025 per cent) in the treatment of ocular redness. At all post-instillation evaluations, investigator-assessed ocular redness was significantly lower in the low-dose brimonidine group compared with the vehicle group. Similarly, subject-assessed redness was significantly lower for low-dose brimonidine compared with vehicle throughout the treatment period. The duration of action of redness reduction with low-dose brimonidine was only evaluated in one of the two efficacy studies integrated herein 28 and demonstrated to be significant for up to eight hours.
In the current integrated analysis, limited to the post-instillation time points common to both studies, a robust reduction in ocular redness was confirmed over the four hour post-instillation period. Further, there was *p < 0.0001 versus vehicle. † Ocular redness was assessed on a scale from 0 to 4; a lower score is indicative of less redness. Mean scores from both eyes were used to calculate the daily average score for each subject. The last observation was carried forward for post-dose scores. p-values for active treatment versus vehicle were calculated using a repeated-measures generalised linear mixed model with treatment and day in the model. ‡ Difference between brimonidine and vehicle. Table 3 . Average daily ocular redness scores based on subject diary data (efficacy population) no evidence of tachyphylaxis over the one month of treatment. The incidence of ocular and non-ocular adverse events was low and similar between treatment groups, and there was minimal evidence of rebound redness upon treatment discontinuation. No safety concerns were identified on ophthalmic examination, and there were no substantial effects on intraocular pressure. Systemic exposure was negligible following topical administration, minimising concerns for systemic adverse effects, and both lowdose brimonidine and its vehicle were considered very comfortable. In cases where the cause of ocular redness is known, it would be appropriate to select treatments that specifically target the underlying aetiology (for example, allergic or infectious conjunctivitis).
1,2 Topical vasoconstrictors may be considered for the management of ocular redness that has no obvious underlying pathology. However, the effectiveness of topical vasoconstrictors is often limited by the occurrence of tachyphylaxis and rebound redness. 7, 8, 10 The mechanism of action of brimonidine (α 2 -receptor agonist) differs from that of the available ocular vasoconstrictors, which are either selective α 1 -receptor agonists or mixed α 1 / α 2 -receptor agonists. This difference in adrenergic receptor binding may account for the absence of tachyphylaxis and minimal rebound redness observed in this analysis. In addition, there were no adverse event reports of mydriasis in the safety population of this analysis, in contrast to pupil dilation caused by α 1 -receptor agonists. Systemic and topical α 2 -receptor agonists are known to have sedative properties and cardiovascular effects. [32] [33] [34] Fatigue and drowsiness have been reported in studies of brimonidine tartrate ophthalmic solution 0.2 per cent, 27, 35, 36 and somnolence is of particular concern in children. 37, 38 In this Medical Dictionary for Regulatory Activities (MedDRA; version 16.1) was used for coding adverse events. Ocular hyperaemia and conjunctival hyperaemia are distinct MedDRA terms, with the latter sometimes chosen in association with slitlamp findings. † All reports considered treatment-related. ‡ Three reports considered treatment-related. § One report considered treatment-related. Table 4 . Incidence of ocular adverse events occurring in more than one subject in any treatment group (safety population)
analysis of low-dose brimonidine, fatigue was reported as an adverse event only once (adult subject) and there were no reports of somnolence; all paediatric subjects were deemed fully alert. Consistent with previous studies that showed minimal to no cardiovascular effects for higher-dose brimonidine, 36 no meaningful changes in mean heart rate or blood pressure were observed in this analysis. Miosis, previously reported with higher-dose formulations of brimonidine, 39, 40 was also not reported in this analysis. Further, this analysis appears to confirm a likely dose-dependent association for ocular allergic reactions, which have been reported in studies of 12 months in duration with brimonidine 0.2 per cent, 41, 42 and at a lower incidence with 0.15 per cent, 43 but were not observed in this analysis of four safety studies of brimonidine tartrate ophthalmic solution 0.025 per cent over four weeks of treatment. Long-term studies with low-dose brimonidine are warranted to confirm whether the low propensity of ocular allergy is demonstrated with continued use. Limitations of these analyses include the relatively small sample sizes of paediatric and geriatric subjects. The efficacy of lowdose brimonidine tartrate ophthalmic solution as an ocular redness reducer was demonstrated in this analysis; however, a larger database of treated subjects would provide a more complete safety profile, particularly for adverse events that infrequently occur.
In conclusion, this integrated analysis of safety and efficacy data found that low-dose brimonidine tartrate ophthalmic solution (0.025 per cent) was effective in reducing ocular redness, generally safe, and well tolerated. The lack of tachyphylaxis and rare rebound redness observed after month-long use suggests that use of low-dose brimonidine does not appear to be limited by the side effects of other marketed vasoconstrictors. A longer period of clinical use in larger populations is needed to provide additional information regarding long-term effectiveness.
